I. INTRODUCTION
Over the past decades, metal-oxide-semiconductor fieldeffect transistor (MOSFET) technology has been drastically developed. However, the continuing downscaling of the conventional MOSFETs has been interrupted by the growing portion of the short-channel effects. 1, 2 As the MOSFET gate length scales down, the short-channel effects such as subthreshold swing (S sub ) degradation and threshold voltage (V TH ) roll-off become interestingly significant which limit the scaling capability of MOSFET. 3, 4 The multi-gate MOSFET such as double gate (DG) MOSFET has been considered to be a candidate to extend the limitation of scaling capability of MOSFET. [5] [6] [7] [8] Due to the growing interest in DG MOSFET, there have been a lot of proposed analytic models for characterizing DG MOSFET. Taur et al., 6 Lu and Taur, 7 and Oritz-Conde et al. 8 proposed DG MOSFET analytic model. However, these models were only applicable in long-channel device. Therefore, attempts have been made to model the shortchannel effects of DG MOSFET. Chen et al. 9 reported a short-channel V TH model for DG MOSFET. Liang and Taur 10 proposed an analytical solution for the short-channel effects by solving the 2D Poisson's equation in a 2D boundary value problem. El Hamid et al.
11 derived an analytical model for V TH and S sub . However, the models of Chen et al., 9 Liang and Taur, 10 and El Hamid et al. 11 failed to provide any information related with a channel doping concentration (N A ). Chen et al. 12 reported an analytical S sub model with a variation of N A for DG MOSFET using the concept of an effective conduction path (d eff ). Dey et al., 13 Tiwari et al., 14 and Dubey et al. 15 reported analytic models regarding a channel doping concentration. However, these models only derived S sub and/or subthreshold current (I DSsub ).
In this paper, an analytical model of subthreshold characteristics including I DSsub , S sub , and V TH roll-off with respect to N A is presented. Here, the channel potential with respect to N A is derived by solving the 2D Poisson's equation with the help of evanescent method. 16 The proposed analytical model for I DSsub , S sub, and V TH roll-off is based on the channel potential. The effects of the variation in device structure parameters on the subthreshold characteristics are discussed. Finally, the proposed model is compared with the commercially available 2D ATLAS numerical simulation 17 for validation.
II. ANALYTICAL MODEL
The schematic structure of a symmetric DG MOSFET used in our analysis is shown in Fig. 1 , where L is the channel length, t si is the channel film thickness, and t ox is the gate oxide thickness. In addition, the points at x ¼ 0 and y ¼ 0 indicate the source-channel interface and the center of the channel, respectively. N A is assumed to be uniform in the channel region. The source and drain regions are also assumed to be heavily doped with n-type doping concentration N D ¼ 10 20 cm À3 in this work. Let w(x,y) be the 2D channel potential. In the subthreshold region, the mobile carriers in the channel can be neglected. 10 The channel potential w(x,y) can be obtained by solving the 2D Poisson's equation
where e si is the silicon permittivity. In order to solve the 2D Poisson's equation analytically, we adapt the evanescent method. 16 In this method, w(x,y) is decoupled into two parts as wðx; yÞ ¼ w L ðyÞ þ w 2D ðx; yÞ;
where w L (y) is the long channel approximation of the channel potential and w 2D (x,y) is the short channel potential. w L (y) can be obtained by solving the 1D Poisson's equation
with the following boundary conditions
where e ox , V GS , and V fb are the SiO 2 permittivity, gate-source voltage, and flat band voltage, respectively. w L (y) is obtained by integrating Eq. (3) twice with respect to y direction and using Eqs. (4) and (5) . w L (y) is expressed as 
where V bi is the built-in voltage and V DS is the drain-source voltage. V bi can be approximated as
V t is the thermal voltage (i.e., V t ¼ kT/q) and n i is the intrinsic carrier concentration of silicon. From the previous researches, 13, 18 the general solution of Eq. (7) for symmetric DG MOSFETs can be expressed as
where k n , U n , and V n are the constants. Since the higher order terms decay fast, Eq. (12) can be approximated by taking the first mode only
Using Eq. (8) in Eq. (13), we can obtain the k 1 which is related with device structure parameters e ox e si t ox
It can be noted that k 1 > (t si /p). Fig. 2 shows the extraction of k 1 values for different device structure parameters.
With the help of Eqs. (10) and (11), V 1 and U 1 are expressed as
Substituting the obtained values of k 1 , V 1 , and U 1 in Eq. (13), we can get the short channel related 2D channel potential. Putting Eqs. (6) and (13) in Eq. (2), we may obtain the full 2D channel potential described as Before analytically deriving the subthreshold characteristics, we can adapt the concept of the virtual cathode. 11, 13 The virtual cathode is the minimum point at which the potential approaches its minimum value. The minimum potential can be calculated from Eq. (17) when x ¼ x min , where the x min is obtained from the following expression: @wðx; yÞ @x
By differentiating Eq. (17) with respect to x direction and solve Eq. (18), we obtain the x min expressed as
We can obtain the minimum channel potential, w min (y) ¼ w (x min , y), by substituting Eq. (19) in Eq. (17).
B. Subthreshold current model
The derived w(x min , y) is used to model I DSsub . In the subthreshold region, I DSsub is mainly dominated by the diffusion and proportional to the electron concentration at the virtual cathode (n min (y)). 13 From the reason, the current density (J DSsub ) can be expressed as 19 J DSsub ðyÞ ffi qD n n min ðyÞ
where L e is the effective channel length.
The electron concentration at virtual cathode, n min (y), can be obtained by Boltzmann equation as
The effective channel length, L e , is defined as
where 
Using Einstein relation (i.e., D n ¼ l n ÁV t ), Eq. (27) becomes
where l n is the electron mobility.
To analytically solve the integral in Eq. (28), we follow the methodology proposed by Dey et al. 13 The methodology proposed by Dey et al. 13 assumed that w min (y) varies linearly based on y m . Since y m ¼ 0 in our work, we can partition the channel region into two sections, front-gate component subthreshold current (I fsub ) (i.e., from Àt si /2 to 0) and back-gate component subthreshold current (I bsub ) (i.e., from 0 to t si /2). Using the concept, Eq. (28) becomes
I fsub and I bsub are described as
where
C. Subthreshold swing model
From the Sec. II B, in our work, it is obvious that I DSsub is proportional to n min (y). Regarding the result, S sub can be expressed as
From Eqs. (15), (16), (17) , and (19), we can differentiate w min (y) with respect to V GS described as
It can be noted that the use of Eqs. (34) and (35) results in S sub as a function of y. Since S sub should be independent of y, we apply the concept of an effective conducting path (d eff ) described as 12, 14 
Using the same methodology applied in Sec. II B, d eff can be analytically solved as
Finally, S sub can be analytically expressed as
D. Threshold voltage model
The inversion carrier charge sheet density (Q inv ) at the virtual cathode can be obtained by integrating n min (y) with respect to the channel thickness described as
To obtain a simple analytical expression of Q inv , we can approximate the Q inv by considering the integrand fixed at y ¼ d eff which is the location of the effective conduction path calculated from Eq. (37). Considering the concept, Eq. (39) becomes
V TH is defined as the gate voltage at which Q inv reaches the value of threshold charge (Q TH ).
9 Equation (40) by making Q inv ¼ Q TH and V GS ¼ V TH can be expressed as
After some mathematical manipulations and arranging with respect to V TH , Eq. (41) is described as
x min is also a function of V GS as shown in Eq. (19) . However, it indicates that we assumed x min as a constant when deriving Eq. (42) since we verified that x min values hardly changed as V GS differed (i.e., subthreshold region). Fig. 3 shows the extracted values of x min and V TH in subthreshold region. It is shown that x min and V TH are similar in our model regardless of V GS .
III. MODEL VERIFICATION AND DISCUSSION
This section provides the subthreshold characteristics of our analytic model. A commercial 2D ATLAS numerical device simulator provided by Silvaco, Inc.
17 is used to validate our proposed model.
Figs. 4(a) and 4(b)
show the variations of w min (y) with respect to y direction for L-dependent and N A -dependent, respectively. From Fig. 4(a) , it is shown that the surface potential (i.e., w min (-t si /2) or w min (t si /2)) is lower than the potential at center (i.e., w min (0)). This phenomenon makes the channel at center more leaky than anywhere else resulting in loosening the gate control. 5 As L decreases, the difference between the surface potential and the center potential becomes larger, which degrades the short-channel effects. It is observed from Fig. 4(b) that the surface potential is higher than the potential at the center as N A increases. The device acquires better long-channel behavior as N A increases because the overall conduction becomes highly confined to channel/SiO 2 interfaces. From Figs. 4(a) and 4(b) , the shortchannel effects can be suppressed by increasing L and/or N A .
The I DS -V GS characteristics calculated from our analytical model are compared with the 2D numerical simulation results for L-dependent and N A -dependent in Figs. 5(a) and 5(b), respectively. Our analytical modeling results are well matched with the simulated results in the subthreshold region since diffusion conduction mechanism is only considered in the model. Constant electron mobility (l n ¼ 1417 cm 2 /V s) is used in both the analytical model and 2D numerical simulation. Fig. 5(a) shows that S sub degrades and V TH shifts to the negative direction as L decreases due to the short-channel effects. It is shown that slight deviation between the analytical model and 2D numerical simulation occurs for short channel device due to the omission of the higher order terms in Eq. (17) . 10 It is observed that I DSsub decreases as N A increases in Fig. 5(b) due to the decrease of n min (y) which is 
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shown at Eq. (21). The decrease of n min (y) also needs more V GS to be applied in the device for "ON-mode" resulting in the positive shift of V TH .
The L and N A dependences of the S sub are shown in Figs. 6(a) and 6(b), respectively. In Fig. 6(a) , we compared the analytical modeling results with 2D numerical simulation and previously reported Liang et al. 10 modeling results. It is shown that the extracted S sub values degrade as L decreases which are also shown in Fig. 5(a) . The analytical model generally follows the 2D numerical simulation and the previously reported model. It is also observed that the increase of t si and/or t ox for a fixed L degrades S sub . The channel becomes loosely controlled by the gate as t si increases resulting in the deterioration of the switching characteristics. 15 For a thicker t ox , less gate electric field is applied in the channel region thereby reducing the control of gates which is related with Eqs. (4) and (8) . It is noted that k 1 in Eq. (14) increases as t si and t ox increase. We can qualitatively compare the subthreshold characteristics by only extracting k 1 when the devices have the same N A . As we can expect from the result of Fig. 4(b) , S sub improves as N A increases in Fig. 6(b) .
Figs. 7(a) and 7(b) show the extraction of V TH roll-off for the L and N A variations, respectively.
The V TH roll-off for L variation (Fig. 7(a) ) is defined as the difference between short-and long-channel V TH , while the V TH roll-off for N A variation (Fig. 7(b) ) is the difference between undoped and doped channel V TH . It is shown that the proposed model well follows the 2D numerical simulation. The V TH roll-off increases as L decreases in Fig. 7(a) . Also, the V TH roll-off increases for thicker t si and t ox for a fixed L due to the increase of k 1 . Fig. 7(b) shows that the V TH shifts to the positive direction with the increase of N A since larger V GS is required to make the device "ON-mode."
IV. CONCLUSION
In this paper, the proposed analytical model of the subthreshold characteristics with the variation of channel doping concentration for DG MOSFET was presented. Solving the 2D Poisson's equation with the evanescent method, the channel potential was obtained. Using the concept of virtual cathode, the I DSsub , S sub , and V TH were calculated based on the channel potential. The results were compared with commercially available 2D numerical simulation. It was observed that the analytical model well represented the subthreshold characteristics not only with the variations of L, t si , and t ox but also of N A . Therefore, the proposed analytical model can be applicable to the compact model of DG MOSFET. 
